The findings that early events during HIV-1 and SIV infection of Asian rhesus macaques dictate the levels of viremia and rate of disease progression prior to the establishment of mature and effective adaptive immune responses strongly suggest an important role for innate immune mechanisms. In addition, the fact that the major target of HIV and SIV during this period of acute infection is the gastrointestinal tissue suggests that whatever role the innate immune system plays must either directly and/or indirectly focus on the GI tract. The object of this article is to provide a general overview of the innate immune system with a focus on natural killer (NK) cells and their role in the pathogenesis of lentivirus infection. The studies summarized include our current understanding of the phenotypic heterogeneity, the putative functions ascribed to the subsets, the maturation/differentiation of NK cells, the mechanisms by which their function is mediated and regulated, the studies of these NK-cell subsets, with a focus on killer cell immunoglobulin-like receptors (KIRs) in nonhuman primates and humans, and finally, how HIV and SIV infection affects these NK cells in vivo. Clearly much has yet to be learnt on how the innate immune system influences the interaction between lentiviruses and the host within the GI tract, knowledge of which is reasoned to be critical for the formulation of effective vaccines against HIV-1.
immune effector cells are present locally at the site of infection, facilitating the rapid control of infection. However, in most other cases the innate immune effector cells have to be recruited to the site of infection from the circulation or from remote cellular depots in efforts to contain such infections. This recruitment is mediated by the generation of chemical signals in the form of chemokine gradients from cells at the site of infection, which radiate like sonar waves until they reach their cognate receptors expressed by the innate immune effector cells. Response to such signals thus requires the conversion of the innate immune cells that exist at a normal physiologically steady state to a 'migratory' state. The migration of these cells has been shown to be tightly regulated. While some efforts to study the trafficking of cells of the innate immune system and its subsets have been made, the detailed mechanisms that are involved in such regulation of trafficking, particularly in humans and nonhuman primates (NHPs), are at present poorly understood [2] . It is generally thought that the innate immune system basically controls the level of viremia until the adaptive immune system can be effectively generated. One of the major cell lineages comprising the innate immune system that responds to such signals are the natural killer (NK) cells, which have been calculated to consist of 2 billion cells in a healthy adult [3] . NK cells were thought to be a primitive cell lineage [4, 5] , which evolved prior to the development of the adaptive immune system based on a number of reasons. Thus, while cells of the adaptive immune system utilize clonal sets of somatically rearranged receptors for antigen recognition, the cells of the innate immune system, including NK cells, utilize nonclonal germ line-encoded receptors. The major general differences between adaptive and innate immune cells are summarized in Table 1 . The more recent findings of a large number of cell-surface molecules expressed by NK cells, which upon ligation exert either inhibitory or activating signals (a function unique to mammalian species), coupled with the fact that their cytolytic function is mediated by a mechanism that is quite similar to conventional CD8 + effector cytotoxic T cells suggests that these two cell lineages may in fact have coevolved from a common ancestral effector cell lineage [6] .
In addition, a series of more recent findings has made us re-evaluate our views on previously ascribed differences between innate and adaptive immune cells (Box 1). Unlike T or B cells, NK cells were thought to exert their effector function without prior 'education'. However, subsequent discoveries in recent years have shown that these cells share functions previously only ascribed to cells involved in adaptive immune responses, such as mature T and B cells, and have led us to rethink the role that this cell lineage plays in response to foreign insults. Thus, NK cells have been shown to undergo a process similar to T cells in terms of negative/positive selection and self/nonself discrimination, and are now known to require 'licensing' and 'arming' [7] . Prior to acquiring full maturation, the NK cells within the bone marrow undergo 'education', which is conferred by the interaction of select inhibitory receptors expressed by this cell lineage with MHC class I molecules expressed by other cell lineages [8] . The NK cells have also been shown to possess an 'editing' function by their ability to eliminate immature dendritic cells (DCs) [9, 10] , execute 'immunoregulatory' function [11, 12] leading to the coinage of the term 'NKregs', and lastly, acquiring 'immunological memory' [13, 14] . Some of these functions ascribed for NK cells continue to be a subject of debate and generate controversy, and are reasoned to probably be secondary to the discovery of the heterogeneity that exists amongst this cell lineage, discussed in more detail later. Clearly, the advancement of technologies, such as polychromatic analysis of cell-surface markers and microarray analysis of mRNA coding for gene products that serve to distinguish subsets within a given cell lineage, have provided powerful new tools that have allowed for a more sophisticated analysis of the potential existence of sub-lineages within the NK-cell lineage. In addition, the ability to generate knock-out, knock-in and transgenic strains of mice have greatly facilitated the discovery of new molecules and assays involving NK cells, which has prompted studies to identify their homologs in humans and NHPs. These phenotypic and functional advances have led to the findings that such select sublineages not only play distinct roles but also appear to interact with other cell lineages (i.e., cross talk), such as cells of the DC lineage, and these early innate immune interactions perhaps dictate the quality and quantity of the adaptive immune response against pathogenic insults. The important role of the innate immune system in contributing to disease outcome is highlighted recently by the discovery of the role that the NK-cell lineage potentially plays in dictating the outcome of HIV-1 infection [15] [16] [17] . This article will summarize our current views of NK-cell heterogeneity both in terms of phenotype and function, potential mechanisms of regulation and cytolytic function together with our current views on their potential role in HIV infection of humans and, as a model, SIV infection of NHPs.
Box 1. Evidence for the hypothesis that natural killer cells play a role in the orchestration of immune responses
▪ Natural killer (NK) cells appear to undergo a process similar to negative/ positive selection by T cells such as 'licensing' and 'arming'
▪
In the bone marrow NK cells have been shown to undergo 'education' via the interaction of select inhibitory receptors with MHC-class I to acquire full functional maturation ▪ NK cells have been shown to possess an 'editing' function by their ability to delete immature dendritic cells ▪ NK cells execute 'immunoregulatory' functions much like Tregs with the coining of the term NKregs
In select models they have been shown to display a 'memory' response
NK cells: phenotypic heterogeneity & differentiation
Initially, the difficulties in defining appropriate cell-surface markers to distinguish NK-cell lineage led to the belief that there was only a single NK-cell population, which was distinguished in humans by the absence of the CD3 molecules and the expression of the CD56 receptor [18, 19] . Additional problems stemmed from the fact that in mice the surface markers of the NK cells were quite different and exhibited limited homology to their human counterparts. Further studies have demonstrated that several subsets of NK cells exist in humans. Thus, more than 95% of NK cells are CD3 − cells that express CD8α-chain homodimers (α/α). This cell population can be further differentiated by the relative density of expression of CD56 (i.e., neural cell adhesion molecule [NCAM], a homophilic binding glycoprotein, expressed on the surface of neurons, glia, skeletal muscle and NK cells) and CD16 (i.e., the Fcγ-RIII receptor) cell-surface markers. Two major subpopulations were characterized by the combination of these markers -the CD3 − CD56 bright CD16 − and CD3 − CD56 dim CD16 + population [20] . The smaller population of CD3 − CD56 bright CD16 + is generally considered together with other CD56 bright NK cells. The major NK-cell subsets have also been shown to differentially express CD27 [21] . Thus, while the CD3 − CD56 dim CD16 + population fails to express CD27, the CD3 − CD56 bright CD16 − population expressed readily detectable levels of CD27. While the NK cells constitute a relatively minor fraction of mononuclear cells in peripheral blood (~5%), in the lymph nodes (LNs) their numbers are much higher (up to 50%) and LNs are currently considered as a major site for NK-cell education, similar to the role that the thymus plays for the education of T cells. The relative abundance of NK-cell subtypes in the blood and the LN is quite distinct. Thus, whereas approximately 90% of NK cells are of the CD16 − . CD27 + CD56 bright phenotype within the LN, the CD16 + CD27 − CD56 dim phenotype is the predominant NK-cell phenotype in the peripheral blood [22, 23] . Originally, it was not clear whether these two phenotypically distinct populations both represent terminally differentiated sublineages or if one is a developmental precursor of another. The current view supported by data from a series of recent studies is that the CD56 bright NK cells in the LN eventually develop into CD56 dim NK cells ( Figure 1 ) [24, 25] by a not as yet fully understood process involving cross-talk with other cell types, such as DCs and fibroblasts. These two cell lineages are also functionally quite different. The CD56 bright CD16 − NK cells express homing receptors, such as CCR7 and CD62L, and have the capacity to secrete cytokines, such as IFN-γ and TNF-α, while the CD56 dim CD16 + NK cells are the major contributors of MHC unrestricted cytotoxicity and are rich in granzyme and perforin. In addition, since CD16 is a molecule that represents the Fcγ-RIII receptor capable of binding specific antibodies, the NK cells that express CD16 function as mediators of the antibody-dependent cell cytotoxicity (ADCC), a function originally attributed only to cytotoxic T cells [26] . These two major subsets of NK cells have also been shown to express both shared and distinct sets of chemokine receptors [2] , which may play a role in their trafficking based on the chemokines being synthesized at the site of infection. Thus, as seen in Figure 2 , the CD56 bright and the CD56 dim NK cells share the expression of CCR2, CXCR1, CXCR3 and CXCR4, but whereas only the CD56 bright express CCR5 and CCR7, the CD56 dim are distinguished by their expression of CXCR1, SIP5 and chem23. The role of chemokines in influencing human NK-cell function has recently been highlighted [27] .
Other NK-cell lineages
Besides these two major NK-cell lineages there are other subsets of NK cells, which perform highly specialized functions. These include the uterine NK cells and the gastrointestinal (GI) NK cells.
Uterine NK cells-The uterine NK cells have received considerable attention for their potential role at the fetal-maternal interface [28] , in pregnancy loss [29] and pre-eclampsia [30] . It is important to note that even at this specific tissue site there appears to be heterogeneity among the NK cells. Thus, the NK cells residing in the endometrial tissues (eNK) are distinguished both phenotypically and functionally from the NK cells that reside within the decidual tissues (dNK). These cells possess some unique markers and perform functions associated not only with their cytotoxicity, but are also involved in other processes including, for example, attracting the trophoblast and correct remodeling of spinal arteries [31] .
New NKid on the block-The discovery of GI NK cells has attracted considerable attention because the GI tract is the major target of both HIV and SIV infection, and while the role that these cells play, particularly during the acute infection period, has yet to be defined, it is currently thought that these gut-associated NK cells are perhaps a distinct NKcell lineage from those in the peripheral circulation. They are characterized by the expression of NKp44 in humans and NKp46 in mice and by the synthesis of IL-22 and are also termed the NK-22 subset [32] . They also express the IL-23 receptor and have been shown to be activated in the presence of IL-23, which leads to the synthesis of IL-22, and which in turn binds to the IL-22 receptor expressed by gut epithelial cells, leading to the synthesis of IL-10 by these cells (Figure 3 ) and this cascade of interactions is reasoned to be the normal physiological function of this cell lineage [32] . While the detailed mechanisms by which this unique subset of IL-22-synthesizing NKp46 cells localized to the gut tissue continue to unravel, it appears that this lineage is also characterized by the synthesis of antimicrobial peptides [33] and the intracellular expression of unique transcription factors, such as RORγt [34] , although its ability to mediate its NK function is not linked to the expression of the p46 molecule [35] .
Differentiation & maturation of NK cells
The differentiation and maturation of NK cells during ontogeny is a complex and an incompletely understood process, which seems to progress at various paces in different organs (i.e., spleen, liver, gut tissues and the bone marrow) and studies in mice have shown the involvement of RAG [36] . With regard to differentiation, a role for a number of transcription factors along with the presence of select cytokines has been documented ( Figure 4 ). These include a role for Notch-LΔ4, IL-7 and the Fms-like tyrosine kinase 3 ligand [37] , a requirement for NFil3A [38] and an exposure to membrane-bound IL-15 for complete maturation from hematopoietic progenitor cells to mature NK cells progressively from CD56 bright CD16 − killer cell immunoglobulin-like receptor (KIR) − cells to CD56 dim CD16 + KIR − and finally to CD56 dim CD16 + KIR + cells [39] . The role of IL-7 and IL-15 in the differentiation process has been further studied and it appears that a balance between levels of these two cytokines may in fact lead to the differentiation of particular NK-cell subpopulations [40] , which are mediated by various intracellular pathways, including the p38 MAPK pathway [41] . There have also been reports on the existence of differences in the frequencies of CD34 + , CD45RA + pre-NK cells in the blood versus secondary lymphoid tissues. Thus, while the blood and bone marrow appear to contain low frequencies (<1 to <10% of CD34 + cells), the secondary lymphoid tissues are highly enriched for the pre-NK cells [42] . In addition, similar pre-NK cells have been documented to exist in the gut-associated lymphoid tissues [43, 44] . Whether these are similar to the Lin − CD127 + cells that express RORγC in mesenteric LNs, as reported by Cupedo et al. [45] , remains unclear. The Lin − CD127 + cells appear to share characteristics with lymphoid tissue inducer and their progeny were shown to be the CD56 + CD127 + NK cells, which synthesize both IL-17 and IL-22.
With regard to maturation, while controversies continue to exist, there have been numerous attempts to utilize data on the sequential appearance of cell-surface markers by NK cells as indicators of the maturation of NK cells ( Figure 5 ). It is the general opinion that the majority of NK cells do not express CD3 but do express CD8α homodimers, and based on phenotypic analysis of cells from patients undergoing bone marrow transplantation, an ordered expression of cell-surface markers seems to occur as depicted in Figure 5 . Of interest is the finding that the KIR molecules are only expressed by the most differentiated NK cells, according to this scheme, and suggests that while the cytokine-generating property of NK cells is independent of KIR-mediated regulation, the cytolytic function is probably influenced by KIR and KIR-ligand interactions. It is important to note that at present it is not clear whether the uterine and gutlocalized NK-22 cells are subsets of progenitor NK cells or a cell lineage that differentiates from a common NK-cell progenitor cell.
NK-cell regulation
The regulation of the function of NK cells has been a subject of study by several laboratories and has focused primarily on either cell-surface receptors (intrinsic) that are expressed by the NK-cell lineage(s) or on molecules synthesized by other cell lineages that influence NKcell function (extrinsic).
Intrinsic regulation
Among the intrinsic molecules are the cell-surface receptors that have been categorized into those for which ligation results in inhibition of NK-cell function as compared with others that have been shown to augment NK-cell function [46] and have predominantly focused on the lytic function of NK cells. It is clear that the regulation of the non-cytolytic function of NK cells also needs study. Among the receptors that have been shown to be involved in the regulation of NK-cell function are the KIR family of both activating and inhibitory molecules (discussed more in detail later), the NKG2/CD94 heterodimeric series of molecules [47] , the p30, p44 and p46 series of molecules [48] [49] [50] , the inhibitory function of Siglec-7 [51] and the 2B4 molecule [52] . Evidence to date indicates that the net results of the interactions between these molecules and their cognate ligands dictate the quality and quantity of innate immune responses that are finally generated. As far as the KIR molecules are concerned, it is important to note that the relative affinity of the activating KIR molecules for their cognate classical and nonclassical MHC class I molecules is far lower than the affinity of the inhibitory KIRs and their cognate MHC class I ligands, suggesting a dominant role for the inhibitory KIRs [53] . Similar studies aimed at identifying the minimal requirements for the induction of activation versus inhibitory signals by receptors other than KIR have also been conducted [54] .
Extrinsic regulation
Among the extrinsic molecules that have been shown to regulate NK-cell function are the cytokines that induce NK-cell activation and expansion, which include IL-2, IL-15, IL-21 and others that are involved in regulation of NK-cell function. Those involved in regulation of NK-cell function include the cytokines TGF-β [55] and IL-17 [56] , activin-A (a member of the TGF-β superfamily) responsible for DC regulation of NK-cell function [57] , and molecules synthesized by the prostate gland termed prostasomes [58] . Owing to the importance of the gut tissue in HIV/SIV infection, the role of regulation of NK function within the gut tissue has received attention. Thus, it is thought that the TH17 − CD4 + T cells play a dual role by synthesizing IL-22 upon stimulation by IL-23 and by synthesizing IL-17, which contributes to the decreased function of NK cells [56] . As illustrated in Figure 6 , the pathways involved are good candidates for future clinical manipulation to favor either inhibition or activation in efforts to determine their effects on the pathogenesis of HIV/SIV infection.
Mechanisms of NK-cell signaling & cytolysis
Ever since the discovery that a subset of lymphoid cells possess the potential to kill target cells without prior priming, efforts into defining the following questions have been intensified: how do these NK cells seek out their target; what is the nature of the dialog at the cell surface that generates the killing mechanisms; and what are the biochemical entities that mediate such killing. One of the areas of focus has been the study of the immune synapse involved in NK-cell killing. The NK cell immunological synapse is considered to be a complex and dynamic structure with differences in the types of proteins that accumulate that lead to a cascade of activation signals as compared with inhibitory signals [59] . Thus, the activating receptors involved in NK cell-mediated killing are known to accumulate at specific regions of the cell membrane via an actin-dependent process where they appear to induce synergistic signaling that finally translates into synthesis and secretion of cytotoxic granules, which cause death of the target cell. It has been reasoned that the inhibitory molecules within NK cells, such as KIRs also accumulate at inhibitory synapses and block actin dynamics and prevent actin-dependent phosphorylation of NK-cell activation receptors. Recently, however, it has been shown that KIRs, in fact, do not prevent the accumulation and colocalization of the activating receptors, such as CD2 and 2B4, with the KIRs at this synapse, but they function by inhibiting the ability of the activating receptors to signal within the inhibitory synapses [60] . Studies of downstream signaling events have led to the finding that NK cells utilize both the linker for activation of T cells (LAT) and B cells (LAB), providing NK cells with greater plasticity of transducing signals than T or B cells. Thus, the NK cells have the potential to use both the ITAM-Syk-LAB/LAT and the ITAM/ ZAP70/LAT signaling cassettes with a greater dependency on LAT when IL-2 is utilized for activation due to the suppression of Syk signaling by IL-2 [61] . This dual signaling potential provides NK cells with the flexibility to respond in a variety of environmental conditions. In terms of the biochemical nature of molecules involved in mediating cytolysis, the granules secreted by NK cells have been shown to contain perforin, granzymes and granulysin [62] , and of interest, the Wiskott-Aldrich syndrome protein (WASp) interacting protein (WIP) has been shown to be involved in the transport of the lytic granules and, thus, is essential to NK cell cytolytic function [59] . It is important to keep in mind that most of these studies have been conducted on NK cells from the blood and whether the molecular nature of the synapse, its signaling and the downstream events are the same for all NK-cell subsets remains to be determined.
NK-cell subsets in nonhuman primates
A variety of species of NHPs became the focus of intensive studies ever since the discovery that a select species of these monkeys, primarily from Africa, are naturally infected with the SIV, which shares approximately 70% homology with the etiological agent of human AIDS [63] . These NHPs naturally infected with SIV do not show any detectable signs of disease or immune deficiency, even though they carry plasma and cellular viral loads that result in disease and death in the SIV infected non-natural hosts. The fact that the virus that originated from and/or was isolated from these SIV-infected African monkeys when used to experimentally infect Asian species of NHPs, such as rhesus or pig-tailed macaques, led to a spectrum of disorders and disease remarkably similar to HIV-1-infected humans [64] , has led to their use as the primary animal model for the study of AIDS. To date, the list of naturally infected species originating from sub-Saharan Africa has grown extensively to some 40 such species so far identified [65] . It was documented that SIV from sooty mangabeys was a predecessor of HIV-2, which developed following the inter-species transmission to humans [66] . It just so happens that the naturally SIV-infected sooty mangabeys are one of the NHP species that is bred in captivity by the Yerkes National Primate Center of Emory University, GA, USA, and the only current source of sooty mangabeys in the USA. Sooty mangabeys thus became a focus of intense studies by a number of groups, including ours, offering a unique opportunity to delineate the processes that underlie SIV-disease resistance in this species. Recent interest in the role of NK cells in the response to HIV infection in humans prompted us, and others, to begin to characterize the NK-cell phenotypes in NHPs. Two major studies attempted to rigorously phenotypically characterize NK-cell populations in rhesus macaques and sooty mangabeys and correlate these phenotypes with their respective functions. Webster et al. used multiparametric analysis of surface markers expressed by peripheral blood mononuclear cell and demonstrated that rhesus macaque NK cells can be accurately identified as CD3 − CD8 bright CD20 −/dim -expressing cells [67] . Further analysis of NK-cell markers typical for NK subsets in humans showed that within this NK-cell population there are three distinct subpopulations of cells. These include CD16 + CD56 − , CD16 − CD56 − and CD16 − CD56 bright populations. The major CD16 + subpopulation showed clear NK cell cytotoxic activity, while the two relatively minor CD16 − subpopulations expressed homing markers, similar to the corresponding populations found in human NK cells and are reasoned to be a source of cytokines upon activation. It is important to note that while the predominant NK-cell subset is the CD16 + CD56 − subset in the peripheral blood, it is the CD16 − CD56 − and the CD16 − CD56 − (double negative subset) that are predominantly present in the LNs [68] . The second study conducted later on in our laboratory utilized a slightly different gating strategy. Thus, first of all, the gates for the size of cells based on forward and side scatter were opened wider to allow for large granular lymphocytes, which are included within the NKcell lineage. Subsequently, the cells expressing CD3, CD14 and CD20 were gated out and the remaining population gated on the expression of CD8α/α and NKG2A for the analysis of peripheral blood mononuclear cell from both rhesus macaques and sooty mangabeys. The NK cells were thus identified as CD3 − CD8α/α + , NKG2A + , which could be further divided, similar to the aforementioned study, into three subpopulations. These included the CD16 + CD56 − , CD16 − CD56 − and CD16 −/dim CD56 bright subpopulations. Interestingly, there was a significant increase in the frequency of the CD16 dim CD56 bright subset of cells consistently observed in sooty mangabeys as compared with rhesus macaques [69] . Similar cell-surface markers have been used by others to identify NK-cell subpopulations in other species, such as cynomolgous macaques and chimpanzees [70, 71] . In the case of chimpanzees, it is of interest to note that this species is characterized as a species whose NK-cell subsets cannot be distinguished on the basis of CD56 bright versus dim [71] , which is also probably the case in all NHP species. Furthermore, in the case of the chimpanzees, the NK-cell subsets have been subdivided into functionally different subsets based on the expression of CD8. Thus, the CD8 + NK-cell subset appears to express significantly higher levels of NKp46 than the CD8 − subset. In addition, upon activation, while the CD8 + NK subset expressed IFN-γ, TNF-α, CD107 and increased densities of KIRs, the CD8 − subset only expressed HLA-DR with no change in the density of KIR expression [71] . While these findings do document differences in NK-cell subsets based on phenotypic markers in the various NHPs, these differences may in fact be merely due to differences in reagents being utilized and the strategies used for identifying the subsets by the various laboratories. Clearly, attempts need to be made by a single laboratory using the same set of reagents and gating strategies in efforts to address the issue of whether these differences are in fact real or due to technical differences.
The fact that the GI tissues have been identified as the major target of both HIV and SIV infection during the acute infection period has prompted interest in the cells, including NK cells, that home to the GI tissues. This issue led our laboratory to study the expression of α4β7 gut-homing marker expressing CD4 + T cells and NK cells in the disease-resistant SIVinfected sooty mangabeys and the disease susceptible, SIV-infected rhesus macaques [69] . Flow cytometric analyses of peripheral blood mononuclear cell samples from a cohort of uninfected and SIV-infected sooty mangabeys and rhesus macaques revealed that neither NK cells as a whole or when isolated into subsets based on the differential expression of CD16 and CD56 expressed uniform relatively low levels of the α4β7 integrin. Thus, there was no subset of NK cells, unlike the central memory CD4 + T cells [69] , that expressed high mean densities of the α4β7 integrin molecule. Table 2 summarizes our findings. As seen, while there were no major differences in the frequencies of total NK and the NK-cell subsets that expressed α4β7 within the species, there was a major difference (p < 0.0001) in the frequencies of α4β7 cells expressing NK cells in the sooty mangabey as compared with rhesus macaques. Of interest was the observation that whereas SIV infection did not lead to changes in the frequencies of α4β7 expressing cells in rhesus macaques, SIV-infected sooty mangabeys tended to show a lower frequency of total and NK-cell subsets that expressed α4β7. The significance of these data are not clear at present and studies are currently underway to determine whether such α4β7 expressing NK cells home to the gut or not in the two species. It is important to note that unlike CD4 + T cells, which upon incubation with retinoic acid show markedly increased mean frequencies and densities of α4β7 expression, such increases were not seen in NK cells after similar treatment [69] . These data suggest that since the GI tissues are known to release retinoic acid, which is one pathway that leads to upregulation of α4β7 on CD4 + T cells leading to their recruitment to the gut, this is probably not operational in the case of NK cells.
NK cells in humans: receptors & the diversity of KIRs
The majority of NK cells possess one critical function -non-HLA-restricted killing of infected or malignant cells. While at the beginning this function was thought to be regulated simply by the absence of self MHC on target cells (consistent with the missing self hypothesis), it turned out that it is regulated by a complex array of activating and inhibitory signals delivered by an ever growing family of NK-cell receptors summarized in Tables 3 &  4 . The net effect is then dictated by the prevailing signaling mode -activating or inhibitory. This article will focus only on select receptor families; for a more complete description of known NK-cell receptors the reader is referred to several excellent reviews [72] [73] [74] .
Among the NK-cell receptors, the CD16 molecule has received considerable attention. There are, in addition, three larger receptor families and a number of other signaling molecules, such as TRAIL, 2B4 (CD244), SIGLECs and others, expressed by NK cells. CD16, as mentioned previously, is a receptor for Fcγ and plays an important role in ADCC. The three major receptor families are the KIR, natural cytotoxicity receptors (NCRs) and Clectin type receptors of NKG2 superfamily. The NCR represent a relatively well-defined family of nonpolymorphic activating receptors, such as NKp30, NKp44 and NKp46. The natural ligands for the NCR remain undefined and are potentially thought of as receptors for viral proteins such as hemagglutinins. The NKG2 family of molecules include NKG2A, B, C, E and F molecules, which are expressed primarily as dimers and have been shown to serve as both activating and inhibitory receptors based primarily on the nature of the molecule they dimerize with. Thus, NKG2A is expressed as a heterodimer with CD94 and induces an inhibitory signal upon ligation [75] . The major known ligands for the NKG2A/ CD94 heterodimer are the relatively less polymorphic nonclassical MHC class I molecules, such as HLA-E in humans [76] . The other known members of the NKG2 family possess activating function and are expressed as heterodimers with CD94, except for NKG2D. This receptor engages ligands such as the nonclassical MHC class I molecules MIC-A, MIC-B and ULBP, which are typically expressed on cells undergoing stress [77] .
The third relatively large family of NK receptors is the KIRs. These receptors, unlike most other NK-cell receptors, are highly polymorphic, similar to HLA. Ligands for KIRs are the classical MHC class I molecules, such as HLA-A, B and C, and can perform both inhibitory and activating functions. Structurally, the KIR receptors consist of the extracellular portion, containing one or more Ig-like domains, the transmembrane part and the cytoplasmic tail, which performs the signaling function. The nomenclature of KIR molecules is based on the number of the extracellular Ig-like domains (i.e., one, two or three) and the length of the cytoplasmic tail (i.e., long or short). Thus, for example, the KIR1D, KIR2DL and KIR3DL receptors have one, two or three Ig-like domains, respectively, and a short or long cytoplasmic tail reflected as KIR1DS or KIR3DL, respectively. The cytoplasmic tail of the inhibitory KIRs contains immunoreceptor tyrosine-based inhibitory motifs (ITIMs), which upon signaling engage phosphatase (SHP-1), which then precludes the delivery of an activating signal from the neighboring activating receptors (provided in the form of activation by phosphorylation). The signaling by the activating KIRs is performed either as a result of the absence of the inhibitory signal (KIRs with the short tail), or by an unknown mechanism (KIR2DL4). The human KIR gene complex is located on chromosome 19q13.4.
To date, and according to the current nomenclature, 15 different KIR gene loci are known and the KIR haplotypes are then defined by the absence or presence of these loci (reviwed in [78] ). Adding to the diversity and complexity is the fact that each of these loci can be represented by different alleles, which may exhibit varying capacities to bind the ligand or transmit the signal, in addition to the duplication or deletion of individual genes. The KIR genes are inherited basically in two broad haplotypes -A and B. Both haplotypes contain four 'framework' gene loci -KIR3DL3, KIR3DL2, KIR2DL4 and KIR3DP1 (the P representing a pseudogene), which are almost always expressed except for a few rare cases of gene deletion. The A haplotype is characterized by the presence of up to four additional gene loci -KIR2DL1, KIR2DL3, KIR 2DS4 and KIR 3DL1. Most of the A haplotypes currently characterized contain all eight gene loci and the variability of this haplotype is mostly at the level of the allelic content for the individual loci. The B haplotype is defined by the presence of framework genes and one or more loci coding for the activating KIR molecules, such as KIR2DS1/2/3/5 and KIR3DS1, or the inhibitory KIR2DL5A/B and KIR2DL2 receptors. The variability of this haplotype is thus mostly achieved by the selection of loci, which are expressed creating many different combinations. The individual KIR receptors also appear to have variable degrees of affinity for binding to their cognate MHC class I ligands. Thus, the KIR2DL1, 2 and 3 gene products bind to HLA-C, but with varying affinity depending on the presence of asparagine or lysine at position 80 in the HLA-C molecule. KIR3DL1 exhibits affinity for the HLA-Bw4 epitope. Of interest is the finding that the KIR2DL4 is fairly conserved among species and has HLA-G as its ligand [79] . Interestingly, there seems to be a hierarchy of the signal strength and subsequent effector response to the cells lacking the self-MHC class I determinants between the different NK-receptor families, with the inhibitory KIR delivering the strongest signals [80] . It is also known that soluble forms of HLA-E and -G are present in the plasma at varying levels, with high levels being expressed during pregnancy in women [81, 82] . The precise role such soluble HLA-E and -G molecules play in enhancing or blocking NK-cell function remains to be determined.
KIRs in NHPs
With increased interest in NHPs as models for a variety of human diseases, especially AIDS, came the need to characterize the immune system in more detail than previously documented. First reports focused on characterization of the NK activity in the peripheral blood of NHP [83] . Subsequently, the NK-cell receptors started to be characterized in more detail. This characterization included the studies of the NCR receptors NKp46 and NKp30 of Macaca fascicularis, which were shown to possess a relatively high degree of sequence homology and functional similarity to their human homologs [84] . LaBonte et al. characterized the CD94 and the NKG2 family members in rhesus macaques [85] , and in subsequent reports presented the characteristics of the other members of NK cell and NCR families expressed by cells from M. mulatta and M. fascicularis [70, 86] . The KIR receptors in NHP received more attention than the other NK-cell receptors, although they are not as well defined as in humans. The first study from Herschberger utilized expression cloning to characterize five families of KIR receptors in rhesus macaques -KIR3DL, KIR2DL4, KIR2DL5, KIR3DH and KIR1D [87] . Although the function of these receptors was not assessed, it is presumed that those, as homologs to the human counterparts, exhibit similar function. KIR3DH is a hybrid molecule consisting of the extracellular domains of the KIR3DL molecule and the KIR2DL4 tail containing a stop codon, which terminates the tail early, and the molecule is therefore presumed to have an activation function. KIR1D is a molecule rarely detected, which lacks the transmembrane and tail domains. The KIR receptor expression was subsequently characterized in other primate species, such as sebaeus monkeys [88] , orangutans [89] and owl monkeys [90] . Several studies attempted to analyze the KIRs at the genomic level and defined several haplotypes in primates. The first haplotypes were described by Sambrook et al. in chimpanzees, rhesus macaques and orangutans [89, 91] , indicating rapid diversification of this particular locus in primates. The subsequent elegant study utilized relatively small and isolated population of Mauritian cynomolgous macaques and reported that there were in fact a total of at least eight loci in this species, containing loci for genes previously defined by Herschberger [92] . Further analysis from our laboratory performed on a cohort of 38 rhesus macaques has led to the identification of several alleles and variants for each of these loci [46, 93] . Two more recent reports by Blokhius et al. [94] and Kruse et al. [95] used a combined approach consisting of both the cDNA analysis and genomic DNA analysis in the families of rhesus macaques present at the respective primate centers in the The Netherlands and Germany to identify potential haplotypes present in this species. The analysis of KIR genomic sequences, together with expressed polymorphic KIR sequences, led to the identification of 14 and 21 putative haplotypes, respectively. The haplotypes consisted of both inhibitory and activating KIR genes with 5-11 KIR genes per haplotype, with the finding that a given gene may be present on one halpotype but not on another. These studies also confirmed that some KIR genes, specifically the KIR3DL gene, exhibit great variability with regard to their duplication. In addition, these data underscore the high degree of diversity and complexity of KIR genes in rhesus macaques similar to that previously published for humans. These recent findings provide a foundation for the establishment of KIR genotyping and potentially for the identification of alleles for each of these genes with the hope to define the influence of the haplotypes, genes and alleles on the pathogenesis of disease, such as SIV.
Effect of lentivirus infection on NK cells & their potential role in virus control
Besides the capacity of the NK-cell lineage to be involved in mediating immune responses against virally infected cells, they are also known to be involved in the suppression of cancer cell growth/immune surveillance, as well as their role in pregnancy and response to stress (Figure 7) . Their role in influencing antiviral immunity is highlighted by the finding of recurrent herpetic infections of patients that have a genetically based disorder that leads to the absence of functional NK cells [96] . Therefore, not surprisingly, NK cells have recently been shown to play a significant role in HIV-1 infection and, conversely, HIV affects the function of NK cells. Proliferation and activation of NK cells are induced early after the infection and results in both killing of the infected cells and secretion of massive amounts of IFN-γ, TNF-α and chemokines, which subsequently drives the T-helper 1 antigen-specific T-and B-cell responses [97] . The importance of these early events associated with NK cells in HIV infection has been highlighted by the fact that the kinetics of viremia shows an eclipse phase (lasting from day 0 to day 7-9), a log phase (occurring from day 7-21) and the viral load set point phase (>21-35 days postinfection), a time period during which the adaptive immune responses have not had the time to develop [98] . Thus, the fact that viral load shows a sharp decrease following the log phase clearly indicates a prominent role for effector cells that comprise the innate immune system and most likely include NK cells. Hence, the role of the innate immune system, in particular the NK-cell lineage, has now taken center stage in terms of importance as a research target for the study of the pathogenesis of human HIV and NHP SIV infections.
Since the 1980s, it has been well documented that HIV-1 infection leads to significant decreases of NK-cell function in infected individuals and that the institution of ART leads to varying degrees of normalization of some of the affected NK-cell functions [99] . The fact that HIV-1-infected chimpanzees who rarely develop disease maintain the phenotype and function of NK cells suggests that perturbation of NK cells is a function of pathogenic but not apathogenic infection [71] . NK cells employ several mechanisms to control infection by viruses, including HIV (reviewed in [100, 101] ). First, they can eliminate the infected cells by direct cytotoxicity. This would presumably be mediated by a decrease and/or loss of MHC class I expression or induction of surface stress markers on the infected cells, which would both activate the NK-cell function. Interestingly, HIV proteins Vpr and Nef have been shown to induce the expression of stress markers MICA/B and downregulate the expression of MHC class I, respectively. However, at the same time, Nef also possesses the capacity to inhibit the expression of stress markers and, while it clearly downregulates HLA-A and B, it usually leaves the expression of HLA-C intact [102, 103] . Clearly, these effects can lead to the escape of the infected cells from NK surveillance, but in addition, NK cells from patients with HIV viremia showed decreased cytotoxic function. NK cells can also kill the infected cells by ADCC and several studies have documented a decrease of ADCC associated with HIV infection [104] [105] [106] [107] . In this regard, it is of interest to note that HIV-1 infection has been shown to induce the release of matrix metalloproteinases that cleave CD16 from the cell surface of NK cells, leading to their inability to execute ADCC function and contribute to the overall immune dysfunction in HIV-1-infected individuals [108] .
Furthermore, NK cells, when activated, secrete various cytokines and chemokines, including CCL3, 4 and 5, which are ligands for the HIV-1 coreceptor CCR5, and can thus block virus entry by binding this coreceptor. The ability to secrete these chemokines was also shown to be decreased in HIV-infected individuals [109] . As previously mentioned, NK cells represent an important regulatory role affecting the development of antigen-specific responses by secreting the cytokines as well as by their cross-talk and regulation of DCs, which are important in antigen presentation. Therefore, any dysregulation of NK cells by HIV clearly affects these critical functions as well. Furthermore, NK cell-mediated response, unrestricted by previous exposure to the antigen, represents a major line of defense preventing the entry of the virus and acquiring the infection.
A number of studies have been conducted that are focused on changes in the NK-cell subsets secondary to HIV-1 infection. Thus, a progressive decrease in both the CD56 dim and CD56 bright subset with a concomitant increase in the CD16 + CD56 − subset was noted following HIV-1 infection, with a major effect primarily in the CD56 bright subset [110] , which is partially reversed by HAART. A more recent study attempted to characterize differences in the major NK-cell subsets based on clinical status (progressors versus longterm nonprogressors [LTNPs] and elite controllers) and viral loads utilizing CD16 and CD56 as markers and a large-scale analysis of 21 different phenotypic markers [111] . Results of these studies indicated:
▪
The CD3 − CD56 dim NK cells from elite controllers showed a profile distinct from those displayed by the same subset from LTNPs and progressors;
The CD56 bright subset profile was similar in samples from elite controllers and LTNPs than those from progressors and controls; differences in viral loads influenced the profile of the CD16 + CD56 − subset;
The NK receptor profiles expressed by CD56 dim and CD56 bright subsets were distinct in the elite controllers and LTNPs as compared with the progressors and control subjects;
A key role for NKp44L in mediating cytolysis of autologous CD4 + T cells was noted in samples from progressors and LTNP as compared with elite controllers and controls.
These data appear to suggest that HIV infection induces distinct changes in the NK-cell subsets of HIV-1-infected individuals based on clinical outcome and viral loads. It would be important to conduct similar studies in SIV-infected rhesus macaques as a function of time postinfection, viral loads and disease outcome, with the objective to determine whether these changes occur during the acute infection period or are a consequence of chronic infection. Use of additional markers, such as the expression and density of CD57 on NK cells in this regard may also add to our knowledge since a recent study noted that HIV-1 infection is associated with a preferential loss in the frequency of the less differentiated CD56 dim CD16 + NK-cell subset [112] . Additional effects of HIV infection on the NK-cell compartment include perturbations of not only NK-cell subsets but also the expression of activating/ inhibitory receptors. The former effect is characterized by a decrease in CD16 + CD56 low cells and selective proliferation of the CD16 + CD56 − subset, which expresses higher density of inhibitory KIRs and is dysfunctional as measured by both cytotoxicity and cytokine secretion [113, 114] . While the reported studies differ in their assessment of overall expression of the inhibitory KIR receptors in HIV-infected individuals (showing increase in some and no detectable change in others), there is clear evidence that the HIV infection leads to an overall decrease of activating NCRs, which include NKp30, NKp44 and NKp46 [115] .
All the mechanisms presented previously show clear evidence that NK cell-mediated immune function is indeed important for the control of HIV and the fact that HIV-1-infected patients go on to develop chronic viremia suggests that the virus employs various strategies to evade NK-cell responses. Another line of evidence comes from the genetic-based studies, which document an association of certain combinations of KIR alleles and HLA class I haplotypes with altered course of HIV-1 infection. Thus, the HLA-B*57 expression in combination with certain KIR3DL1 allotypes has been shown to associate with a favorable course of HIV infection [116] . Results from a large epidemiological study performed by Martin et al. has shown that individuals who express a certain allele of the activating KIR3DS1 receptor in combination with HLA-Bw4081 (a variant of HLA-Bw4) exhibit significantly slower progression than those expressing only one of them [117] . Interestingly, another study has shown an association of the expression of certain alleles of the inhibitory KIR3DL1, with a favorable course of the HIV disease [17] . The mechanism of this effect is unknown, but potentially, the fact that different KIR3DL1 alleles show differential rates of surface expression could be involved.
In SIV infection, multiple effects on NK-cell function have also been observed. La Bonte et al. demonstrated decreased ability of NK cells from SIV-infected rhesus macaques to secrete IFN-γ, TNF-α and IL-2 [118] . However, the long-term nonprogressor animals retained this ability at a level similar to that noted in uninfected monkeys. This decrease in NK-cell function correlated with a decrease in detectable transcripts for NKG2C. The study conducted in our laboratory has demonstrated that the CD16 + CD56-cytolytic NK-cell subset was preferentially depleted in the SIV-infected rhesus macaques, but, of interest, increased in the disease resistant SIV-infected sooty mangabeys [69] . These findings further underlined the importance of early NK-cell responses, showing early NK-cell activity in SIV-infected sooty mangabeys and those SIV-infected rhesus macaques, which eventually controlled viral load during the chronic infection. While the aforementioned data point towards the importance of NK cells in the immune response to SIV infection, surprisingly, Choi et al. have shown that the experimental depletion of NK cells during either chronic or primary infection by the in vivo administration of monoclonal antibodies to CD16 did not lead to overall changes in the levels of SIV viremia in chronically infected rhesus macaques and minimal effects during primary infection [119] . However, there are several caveats to these findings and further studies are needed in order to resolve the issues involved. First of all, it is well recognized that CD16 is not expressed by all NK cells. Second, the degree of depletion in the mucosal tissues was not studied and since SIV primarily targets the mucosal lymphoid tissues, it would have been important to document if the NK cells were indeed depleted at this site. Third, use was made of a murine xenogeneic antibody that is immunogenic in monkeys and makes it difficult to evaluate the role of the xenogeneic response in concert with the effect of CD16 + cell depletion. The recent findings by our laboratory of a strong association between select KIR loci alleles and levels of SIV viremia in addition to the analysis of gut-associated NK cells suggest a re-evaluation of the potential role of NK cells during acute SIV infection is in order.
Therapeutic reconstitution of NK cells
The general finding of a deficiency in NK-cell function in both HIV-infected humans and SIV-infected non-natural hosts of SIV has prompted the need for identifying strategies aimed at reconstituting this cell lineage, which are based to a large extent on data derived from strategies that have already been utilized in patients with malignancies. Lessons learnt from these studies in cancer patients have therefore provided a note of caution, which is outlined below. Chief amongst these strategies has been the use of the cytokines that share the common γ chain, which includes the cytokines IL-2, IL-15 and IL-21 and others have included the use of IL-12 and IL-18. Of these cytokines, IL-2 has been the major cytokine used clinically. The results from the use of these cytokines have been mixed. The reasons for such mixed results have been attributed to the finding that: these cytokines have pleiotropic effects, which lead to different effects on different patients; the finding that cytokines such as IL-2 preferentially activate and expand Tregs in addition to NK cells [120] ; most of these cytokines have associated toxicity chief among these being the 'vascular leakage syndrome' with IL-2 and toxicities with the use of other cytokines and immunostimulating agents [121, 122] ; and the dosing regimens that have maximal therapeutic effects have been difficult to define. Thus, while cytokines such as IL-2, IL-15 and IL-21 show great promise when used in vitro for the expansion of NK cells or in vivo in the SCID-Hu murine model [39, 123, 124] , they have to be viewed as potentially interesting but will require modifications to reduce their inherent toxicity prior to their use in HIV-infected patients. The other strategy worth consideration is to expand the NK cells from the SIV-infected NHPs or HIV-1-infected humans in vitro and then use these for autotransfusions. In the case of NHPs, one could utilize cryopreserved cells obtained prior to experimental SIV infection to ensure the 'normal' nature of the expanded cells being used for autotransfusion. In addition, with the knowledge of subsets of NK cells it may be worthwhile to expand specific subsets and determine their therapeutic efficacy. In the case of HIV/SIV infection where the GI tract is the major target of infection during acute infection, it may be worthwhile to explore the potential use of in vitro-expanded gut resident NK-22 cells as an autotransfusion therapeutic tool. Conversely, the potential role of the NK cells and its subsets in conferring protection from disease in the natural hosts of SIV, such as sooty mangabeys and African Green monkeys, may be warranted.
Conclusion
The important role of NK cells in influencing the quality and quantity of both host innate and adaptive immune responses is beginning to be better understood [125] . This view has led to a new appreciation for a major role for the innate immune system on influencing the pathogenesis of human HIV-1 infection and SIV infection in the NHP models of HIV-1 infection. The fact that the GI tract becomes the primary target of HIV and SIV infection during the acute infection period, regardless of the route of infection, clearly dictates a need for a more thorough evaluation of how the cells of the innate immune system mediate their effect within the GI system. The NK cells are a major component of the innate immune system and the subject of this article. While considerable knowledge has been acquired on the heterogeneity of this cell lineage, the maturation and differentiation of NK cells, their effector mechanisms and the mechanisms by which their function is regulated, one of the major areas of focus has been the role of select cell-surface receptors termed KIRs. While considerable knowledge of KIR polymorphisms has been acquired in humans and their potential role in HIV-1 infection, unfortunately, there is limited data on the genes that code for KIRs in rhesus macaques and how these polymorphisms influence the early events of SIV infection. The new discovery of a NK-cell lineage, which is unique to the GI tract and synthesizes IL-22 (NK-22) following stimulation by IL-23, has added a new dimension to our understanding of the potential role of the NK cells in HIV/ SIV infection. At present, it is not clear whether peripheral NK cells traffic to the GI tissues and are part of the mechanisms of pathogenesis within the GI tract, although a significant frequency of NK cells do express the gut-homing α4β7 integrin. It appears that the gut resident NK-cell lineage is the likely candidate that plays an important role in maintaining homeostasis within the GI tract and either its function or the function of gut-homing NK cells influence the early events involving HIV/SIV infection. It is also important to keep in mind that other cell lineages, such as the plasmacytoid DCs are probably involved in either directing NK-cell function and/or modulating their function. Thus, a lot needs to be learnt of the role of these innate immune cell lineages within the GI tract, which can only best be learned in the SIVinfected NHP model. In this regard, it would be of great importance to understand the role of these innate immune cell lineages in rhesus macaques infected with predominantly nondisease-inducing attenuated viruses, such as SIVΔnef and the deglycosylated recombinant SIVΔ5G viruses. In addition, similar studies of these innate immune cell lineages in disease-resistant natural hosts of SIV during the acute infection period is likely to contribute greatly to our knowledge of how these cell lineages potentially contribute to disease resistance.
Future perspective
Our current understanding of the potential mechanisms by which cells of the innate immune system, such as the NK cell, function within the GI tissues is illustrated in Figure 8 . It appears that GI tissue resident DCs or similar cell lineages initiate the cascade of immune reactivity by sensing a pathogenic organism, such as HIV/SIV. This leads to the synthesis of IL-23 (a cytokine belonging to the IL-12 family), which induces the activation of IL-23Rexpressing NK cells. These NK cells can give rise to p44 + , CD56 + , CCR6 + or p44 + , CD56 − CCR6 + NK cells, which when activated synthesize CCL20, IL-22 and IL-26. The CCR6 is the cognate ligand for CCL20, which thus serves to self perpetuate its synthesis. Receptors for the cytokines IL-22 and IL-26 are uniquely expressed by gut epithelial cells and the ligation of these receptors leads to the synthesis of a large array of antimicrobial agents, including β defensins, S100 AT, IL-10 and a series of other antimicrobial peptides. Such a cycle of innate immune activation and epithelial cell synthesis of antimicrobial agents, including IL-10, keeps the invading organisms in check and maintains homeostasis in the GI tissues. There is also a rare frequency of lymphoid tissue inducer cells particularly resident within mesenteric LNs that are distinguished from NK cells by their ability to synthesize IL-17. Clearly, during acute HIV/SIV infection, this homeostatic balance is perturbed giving rise to GI pathology that can be reduced but clearly not completely reversible. Thus, the question that needs to be addressed is what are the changes that are induced by HIV/SIV infection in this cycle of dialog within the GI tissues and how can we best reverse this pathogenic event and return the GI tract back to function in a homeostatic manner?
There appear to be several avenues of approach that are likely to provide unique insights and be of therapeutic value. First of all, the important point to keep in mind is that clearly such irreversible pathology does not occur in natural hosts of SIV that appear to live to a large extent very normal lives despite plasma viral loads that exceed those that result in AIDS and death of the non-natural hosts of SIV. Thus, some major distinguishing event must occur within the GI tract of the natural as compared with the non-natural hosts of SIV. This reversible GI pathology also appears to likely occur in adult non-natural hosts, such as rhesus macaques, but not infant rhesus macaques infected with SIVΔnef and presumably in other models of attenuated recombinant SIV, such as the deglycosylated SIVΔ5G. Thus, a lot can be learnt from the differences of how the natural hosts versus non-natural hosts of SIV, and the recipients of SIVΔnef and SIVΔ5G as compared with wild-type and infant rhesus macaques, handle SIV infection within the GI tissues. It is reasoned that inhibiting trafficking of CD4 + T cells to the GI tissues is one major avenue of therapeutic approach that should limit the seeding of new targets of lentiviral infection and replication. This scenario assumes that the natural continuous trafficking of CD4 + T cells to the GI tissues following HIV/SIV infection not only contributes to gut pathology but also adds fire to the flame and therefore needs blocking. It is also hypothesized that perhaps plasmacytoid DCs that become mobilized and activated during acute HIV/SIV infection may home to the gut as would the α4β7 expressing NK cells, which probably results in the synthesis of α-IFN, which causes local immune activation and while reasonable for a short time period may in fact lead to overt pathology and contribute to GI tissue dysfunction. Thus, the trafficking of these plasmacytoid DCs and α4β7 expressing NK cells needs to blocked. If the GI tissues are spared from overt pathology, there would be an increased probability for the generation of effective HIV/SIV neutralizing antibodies and HIV/SIV-specific cell-mediated immune responses, especially within the mucosal tissues following vaccination (preventive vaccination). It is hypothesized that the administration of HAART-based therapy to HIV/ SIV infected individuals following blocking of gut homing cell therapy may lead to the generation of more effective HIV/SIV-specific immune responses (therapeutic vaccination) and also limit the generation of 'viral reservoirs'. The potential role of TH17 cells needs to be explored within this context. Thus, while TH17 cells have been generally viewed as being proinflammatory and potentially promoting cell activation and thereby increasing viral replication, there is also the potential role of TH17 cells in potentially maintaining gut tissue integrity and promotion of the synthesis of nonspecific antimicrobial agents. These findings seem to suggest a delicate balance between gut tissue integrity as compared with promoting increased viral replication. Strategies aimed at maintaining gut tissue integrity while limiting TH17 proinflammatory immune responses need to be explored.
Another approach could be to determine if the generation of immune tolerance to HIV/SIV can be successfully achieved. Thus, it seems that the natural hosts of SIV seem to live quite a normal life despite high viral loads. It seems that the natural hosts have developed 'immunological accommodation' against SIV. It would therefore seem logical that approaches to achieve similar 'immunological accommodation' against SIV in otherwise disease-susceptible Asian rhesus macaques need to be studied and exploited. This approach would clearly require a firm understanding of the mechanisms of 'immunological accommodation'. 
▪
There is an association between plasmacytoid dendritic cells and NK cells within the mesenteric lymph nodes and probably within the gut tissues, and the relative levels of this interaction most likely dictate the course of HIV/SIV disease. Thus, an effective transient response leads to return to homeostasis but prolonged responses probably contribute to irreversible pathogenesis.
Clearly, the classical approach to generate an effective vaccine against HIV-1 has failed. It seems reasonable that in the next decade methods to reduce GI pathology will have been achieved and, if combined with effective HAART under the cover of such gut pathology inhibiting therapy, may lead to a therapeutic option in terms of letting the infected individual generate an effective immune response and thus a therapeutic vaccine. In addition, a similar approach of treating vaccine recipients with agents that would prevent gut homing coupled with a better gut tissue immune-adjuvanted vaccine may be developed (i.e., a preventive vaccine). It is also clearly possible that genes that affect the course of HIV and SIV infection and disease will have been identified, which could serve as a basis for exploitation for better vaccine formulations.
Figure 1. The maturation/differentiation of natural killer cells in lymph nodes based on progressive expression of cell surface markers
HSCs migrate from the bone marrow to lymph nodes. They first undergo commitment to the NK cell lineage (pre-NK and pro-NK) and then develop through to the immature NK cell stage. These NK cells (CD16 − CD56 bright ) stay within the lymph node and interact with DCs or further mature into cytotoxic NK cells characterized by the expression of CD16 and CD56 dim . A few of the former and the majority of the latter are released for recirculation in the peripheral blood. DC: Dendritic cell; HSC: Hematopoietic stem cell precursor; NK: Natural killer.
Figure 2. The two major subsets of natural killer cells also express a variety of chemokine receptors
Some of these are common to both and others are unique to the two subsets. These NK cells express p44 in the case of humans and the IL-23R. It is reasoned that dendritic cells, upon activation following exposure to harmful infectious agents, synthesize IL-23, which binds to the IL-23R on NK cells. These activated NK cells synthesize IL-22. The gastrointestinal epithelial cells express the receptor for IL-22 and, upon ligation, synthesize IL-10, which supposedly downregulates the degree of inflammation and homeostasis is maintained. NK: Natural killer; R: Receptor. As indicated, it is not as yet clear whether the NK cells found in uterine tissues, within the thymus and the mucosal tissues, originate from the same common precursor NK cells as those found in the blood and lymph nodes. NK: Natural killer; SC: Stem cell. Select activating natural killer cell receptors, their ligands and function. HIV Ther. Author manuscript; available in PMC 2011 May 1.
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